We describe a method for anchoring bacteriophage X DNA by one end to gold by Au -biotin -streptavidinbiotin -DNA bonds. DNA anchored to a microfabricated Au line could be aligned and stretched in flow and electric fields. The anchor was shown to resist a force of at least 11 pN, a linkage strong enough to allow DNA molecules of chromosome size to be stretched and aligned.
INTRODUCTION
The microscopy of DNA is an important tool for analyzing structure. Highly resolved images have been obtained by electron microscopy (1) (2) (3) (4) , scanning probe microscopy (5) (6) (7) (8) and fluorescence microscopy (9) (10) (11) (12) (13) (14) . In the first two techniques, the DNA must be fixed to a surface in order to achieve high resolution. In fluorescence microscopy, the molecule must be confined within the focal plane in order to image the entire molecule. However, in all of these techniques, the image of very large DNA molecules is, more often than not, a projection of a random coil onto a surface, which makes the topology of the molecule difficult to interpret. This problem has been partially solved by taking advantage of induced shear forces during preparation of DNA for electron microscopy (1) and 3H radioautography (15) . More recently, the ends of individual X DNA molecules have been selectively derivatized so that individual molecules can be manipulated and studied by fluorescence microscopy (10, 16) . Individual chromosome-sized yeast DNA molecules have also been imaged in agarose and followed during restriction digestion (17) . These methods all rely on DNA bound or hooked at randomly distributed sites. For many analyses, however, it is important to anchor, align, and stretch many DNA molecules specifically and at high concentration to well defined microstructures.
Here we show how X DNA monomers and concatemers, tethered to Au microstructures, can be stretched in a flow or electric field. DNA was tethered to a Au substrate by a biotin-streptavidin-biotin-Au linkage. The biotin-Au complex was constructed by exploiting the observation that alkane thiols (18) (19) (20) , and also thiol derivatives of biotin (21) , can selfassemble on Au surfaces. Streptavidin was then bound to the biotinylated Au surface, and reacted with X DNA biotinylated at the left end (Fig 1) . Because of the high biotin-streptavidin binding constant (Kd -10-15 M) (22) (23) (24) (25) , this bond resists the stretching force necessary to straighten DNA molecules longer than 250 000 base pairs (250 kbp). The stability of the binding, the stretching of the DNA in a fluid flow, and its alignment in an electric field was then studied by confocal microscopy.
MATERIALS AND METHODS
Surface preparation In the procedures described below the reagents are specified by manufacturer, or were 'Reagent' or 'HPLC' grade (most solvents). The water was distilled and deionized (resistance > 16 MD), and filtered through a 0.45 ltm filter. Glass surfaces and silicon wafers with a thermally grown 200 nm oxide layer were cleaned for 1 h in a mixture of water, hydrogen peroxide, and ammonium hydroxide (20:4:4 by volume, heated to about 70°C). After the cleaning step, these surfaces were extensively rinsed with water and dried in a heated vacuum chamber. A 5 nm thick Cr layer was vapor deposited on the cleaned surface and coated with a 150 nm thick layer of Au without breaking the vacuum. The vapor deposition of both Au and Cr was performed under standard high vacuum conditions (10-6 Torr) at room temperature (26) . After the deposition process, all samples were immediately stored in a dry and filtered argon atmosphere. For radioactive assays, pre-cleaned silicon wafers were thoroughly covered with the Cr/Au layer, and then cut into pieces of varying size. For DNA imaging, Au lines were evaporated onto precleaned coverslips. Au lines wider than 1 mm were fabricated with a thin aluminum mask. Lines 5 gm wide were constructed using standard photolithographic masking techniques in combination with vapor deposition (26) .
Biotinylation of Au surfaces
The Au surfaces were first cleaned using the above procedure and stored in filtered distilled water for no more than 30 min. They were never allowed to dry between trenents. The reaction solution for surface modification was freshly prepared in two steps. First, 1 mg of biotin-HPDP (Pierce) was dissolved in 100 ,ul N,N-dimethylformamide. Five microliters of tri-nbutylphosphine (Sigma) was then added and reacted for 5 min. The reduced solution is yellow. This mixture was next added to 4 ml of a water/methanol (1:1) solution containing the samples. A 10 min reaction time proved sufficient for this step (see below). The sample was then washed in water/methanol (1:1) and stored in PB buffer (50 mM Na2HPO4, pH 7). The reduction of biotin-HPDP to biotin-HP thiol and pyridine thiol was also followed by thin layer chromatography on silica plates (Merck) in a mobile phase consisting of n-butanol/acetic acid/H20 (5/1/1). The two thiol products were visualized with Ellman reagent (Sigma). (all Sigma). In several experiments this solution also contained 0.8% agarose kept at 55°C. The functionalized cover slip was mounted Au side up on a pre-cleaned glass slide without being allowed to dry, and a 15 td drop of the DNA solution was pipetted onto the surface and quickly covered with a second pre-cleaned cover slip of the same size. Two sides of the chamber were sealed with nail polish, which also fixed both cover slips to the slide. On the open ends platinum electrodes were added to apply the electric field [see for example (11)]. During the experiment the voltage was kept constant and the current was monitored. The stained DNA was imaged with a confocal microscope using the 499 nm line of an Argon/Krypton laser for excitation (Biorad MRC600).
RESULTS

FunctionaliziWn the Au surface
We reduced the disulfide group of HPDP-biotin with tri-nbutylphosphine to yield a thiolated biotin derivative which could react with Au (Fig. 2) . This approach is similar in principle to earlier work with alkyl thiols (19) (20) (21) . The reaction was followed by thin layer chromatography, where all of the reaction products could be resolved (data not shown). The reaction was essentially complete in 5 min.
Coverage was studied indirectly by measuring 35S-cysteine binding as described in Materials and Methods. Under our reaction conditions, 35S-cysteine bound to a plain Au surface at a concentration of 0.4 jLmole/cm2, and this value was used to calculate the data shown in Fig. 3 . Coverage increased to about 95% within minutes, reaching 98.3% coverage at 2928 min (49 h). The layer produced is probably mixed, since one of the products of biotin-HPDP reduction is pyridine thiol, which was not removed from the reduced solution, and it too should react with Au.
. End labeling of X DNA The left and right ends of X DNA can be filled by using the Klenow fragment of T4 DNA polymerase (Fig. 4) . Both ends have a single A in the overhang, the complementary base for modified dUTP. The location of A allowed us to tag the left end with biotin and the right end with digoxigenin (Fig. 4b,c) . In the absence of dCTP, incorporation stops after the incorporation of biotin-dUTP (Fig. 4b) . Replacing biotin-dUTP by digoxigenin-dUTP and adding dCTP labels the right end with digoxigenin (Fig 4c) . DNA labeled with biotin at the left end (bio-X) was prepared for microscopic studies; 'bio-X-dig' DNA carries digoxigenin at the right end. The specificity of the reaction was demonstrated in two steps. First, we bound bio-X DNA to magnetic beads coated with streptavidin, washed off unbound molecules, and digested the bound DNA with StuI. The fragments in the supernatant were separated on a 0.8% agarose gel (Fig 5) . StuI The left and right ends of X DNA (and its multimers) can therefore be modified with different labels simply by filling them appropriately. By measuring the intensity profile of lane 3 we determined that about 15% of the right end runs at the normal location. This value is 10% higher than the one found in the bio-X DNA experiments (Fig. 5a) with YOPROl and tethered them to the functionaized Au surface as described above. Figure 6 shows the edge of a 2 mm wide Au line. Part of the Au surface covers the left side of the picture. In contrast to the glass surface (right side), all DNA molecules are specifically bound to the Au. The DNA molecules on the Au edge are stretched out in an electric field of 6 V/cm.
To demonstrate specific binding of the biotinylated left end, we stretched tagged bio-X DNA using a laminar flow of buffer solution. The flow was introduced by adding a drop of buffer to one side of the chamber. The buffer was then sucked into the chamber by capillary forces, initiating the flow. The flow speed was reduced by increasing the viscosity of the TE buffer with 56% sucrose. Figure 7a shows tethered DNA as a random coil, just before adding buffer. Flow, induced from the right side, stretched and oriented the molecules within seconds towards the left (Fig. 7b) . Switching the flow direction reversed the orientation of the DNA. Figure 7c shows the rotation of a single molecule around its bound end (see arrows) as a function of time. We repeated this experiment several times without stripping the DNA from the surface. A 2.6-fold higher viscosity (62% sucrose) shears off most of the DNA molecules during the preparation of the sample.
The above experiments demonstrate that X DNA multimers can be tethered specifically by their left end. (10) , although the fact that nicks are also labeled, may restrict this approach to smaller molecules.
By applying both methods, it is possible to bind biotin labeled X DNA by the left end to a Au substrate functionalized with biotin and activated with streptavidin. The tethered X DNA multimers can then be stretched by hydrodynamic forces and imaged. Figure  7 shows the free rotation of X DNA induced by changing flow direction. We conclude that the stretched DNA does not adhere to the surface and must therefore be exposed to a non-zero flow velocity. This observation allows us to calculate the forces applied to the streptavidin-biotin-thiol anchor by fluid flow. Stretched DNA can be seen as a long rod (radius a, length L) in a viscous flow (viscosity 1). The friction force F is (30): Using the size of X DNA, the viscosity rq of a 56% sucrose solution (32 cP) (31) , and the flow velocity v = 60 itm/s, the force applied to the anchor is 11 pN. The flow velocity near the stretched DNA was measured by simultaneously determining the velocity of unbound DNA molecules floating in the same focal plane. The high velocity gradient near the surface, however, and the fact that free molecules move with a velocity averaged within their diameter, gives a relative error in v of about 27 % or a 3 pN (assuming a parabolic velocity profile between two parallel plates 80 ytm apart). The anchor may resist higher forces, but because the DNA was removed from the surface during sample preparation at higher sucrose concentrations, we were unable to determine the upper limits.
We further showed that molecules of 50-200 kbp can be aligned on micro fabricated Au lines in an electric field of 5 V/cm. Using an electric field for stretching DNA molecules applies a much weaker force than a flow field. For example, the electrostatic force Fe, = qE applied in an electric field of E = 6 V/cm on X DNA monomers is -5x 10-13 N, assuming a charge density on the DNA of 0.1 e per base pair (32) . If the same electric field were applied to a DNA molecule of 1 Mbp, the resulting force (Fe, -10 pN) would be of the same order of magnitude as we calculated for shear oriented molecules. This suggests that our anchoring mechanism can be used for stretching DNA of at least this size.
This aligning technique can thus be used to stretch out very long molecules indeed. One application of this technique might be to improve the imaging of chromosome length DNA molecules. A possible combination of this aligning technique with in situ hybridization might be used to localize with high accuracy genes within chromosomal length molecules. The anchor can also resist forces typically applied in SPM techniques. Thus a scaling down of this technique by anchoring DNA to nanostructures might be a way to align DNA for future sequencing methods using SPM technology.
